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Multiple breath washout (MBW) measurements have recently been shown to be sensitive for detection of early cystic fibrosis (CF) lung
disease, with the lung clearance index (LCI) being the most common measure for ventilation inhomogeneity. The aim of this observational study
was to describe the longitudinal course of LCI from time of clinical diagnosis during infancy to school-age in eleven children with CF.
Elevated LCI during infancy was present in seven subjects, especially in those with later clinical diagnosis. Tracking of LCI at follow-up was
evident only in the four most severe cases.
We provide the first longitudinal data describing the long-term course of LCI in a small group of infants with CF. Our findings support the
clinical usefulness of MBW measurements to detect and monitor early lung disease in children with CF already present shortly after clinical
diagnosis.
© 2011 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.Keywords: Lung function; Multiple-breath washout; Cystic fibrosis; Children; Longitudinal1. Introduction
In children with cystic fibrosis (CF) small airway disease
occurs early in life [1]. Recent cohort studies assessing
bronchoalveolar lavage and computed tomography (CT) scans
in infants with CF provided clear evidence of infection,
inflammation, and altered structure of airways shortly after
birth [2].
In older children, inert tracer gas multiple breath washout
(MBW) has gained wide acceptance as a useful and sensitive
marker to detect early characteristics of even mild CF lung
disease [3]. Compared to spirometry and plethysmography, the
lung clearance index (LCI) – the most commonly reported out-
come from MBW as a measure of ventilation inhomogeneity –
was the most sensitive functional outcome of structural airway⁎ Corresponding author. Tel.: +41 31 632 9437; fax: +41 31 632 4807.
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doi:10.1016/j.jcf.2011.07.006abnormalities detected in CT scans [4–6]. Furthermore, it
proved even to be a suitable primary outcome of randomized
controlled trials assessing mucociliary clearance regimes in
patients with mild CF lung disease [7,8].
The LCI has been shown to be already elevated in toddlers
and school-age children with CF [6,9,10]. Moreover, recent
longitudinal data suggest that abnormal LCI can be detected
already in pre-school children and tracks into school-age despite
normal spirometry and appropriate treatment [11]. Therefore,
two imminent questions arise: whether the LCI is already
abnormal in infants at the time of clinical CF diagnosis, and
whether abnormal LCI in infancy tracks into school-age. While
data on LCI in sedated infants with CF have been published
[10,12], LCI data in unsedated infants with CF and the long-
term course of infant LCI were not reported yet. We thus aimedd by Elsevier B.V. All rights reserved.
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and toddlers with CF, and complement current knowledge on
early CF lung disease with the first longitudinal data on LCI
from infancy to school-age.
2. Material and methods
A retrospective study design was applied to compare the LCI
of eleven infants measured at time of clinical CF diagnosis
with their follow-up LCI at early school-age (for demographics
and clinical details see Table 1). This study was approved by
the University Children's Hospital Ethics Committee, Bern,
Switzerland. During clinical routine work-up MBW using an
ultrasonic flowmeter is performed in infants at time of CF
diagnosis since 1999 and at school-age since 2009. Both
measurements in infants and school-aged children were done
using the same standardized protocols throughout the entire
study period.
Infant lung function was performed since then in 33 infants
with CF. In infants, LCI was derived from MBW using 4%
sulfur hexafluoride (SF6) as tracer gas and a main-stream
ultrasonic flowmeter setup (Exhalyzer D®; Eco Medics AG,
Duernten, Switzerland) [13]. Infants were naturally sleeping,
positioned supine with the head in midline, and were breathing
through an infant facemask according to current standards
[13–15]. Ten infants were excluded due to either need of
sedation for MBW (n=5) or poor technical quality (n=5).
From the remaining 23 children, 11 reached school-age during
the study period and performed follow-up MBW. None of the
infants or children showed evidence of an acute respiratory
tract infection and/or signs of an exacerbation prior to
(≤3 weeks) or at the day of both lung function measurements.
Follow-up LCI was derived from nitrogen MBW using
100% oxygen and a side-stream ultrasonic flowmeter setup
(Exhalyzer D®; Eco Medics AG, Duernten, Switzerland) [16].
Follow-up MBW was performed in awake children in a sittingTable 1
Demographic and clinical details of children with CF.
Patient
ID a





A f Failure to thrive ΔF508del/ΔF508del 16.7
B f Meconium ileus ΔF508del/unknown 5.1
C f Failure to thrive ΔF508del/ΔI507 21.9 1
D f Meconium ileus ΔF508del/ΔF508del 16.9 1
E f Meconium ileus ΔF508del/ΔF508del 29.6 1
F f Failure to thrive ΔF508del/ΔF508del 14.0
G m Failure to thrive ΔF508del/R553X 82.6 1
H m Meconium ileus ΔF508del/ΔF508del 2.0
I m Failure to thrive ΔF508del/ΔF508del 100.6
J m Meconium ileus Q525X/Q525X 31.6
K m Failure to thrive 2347xdelG/N1303K 45.0 1
a Patient ID = identification (A to K; corresponding to figure symbols).
b Gender m = male, f = female.
c FEV1 z-scores were derived from published reference data [25].
d Number of positive Pseudomonas aeruginosa swabs between infancy and schoo
e Number of i.v. antibiotic treatments between infancy and school-age MBW.
f LCI course from infancy to school-age.position breathing through a mouthpiece and wearing a nose
clip.
In order to account for these methodological differences, we
used previously reported [13,16] equipment- and tracer-gas-
specific normative LCI data from 201 healthy infants and 39
healthy school-children, respectively, to calculate z-scores.
Descriptive statistics were performed using Stata™ (StataCorp.
2009. Stata Statistical Software: Release 11. College Station,
TX, USA).
3. Results
MBW in infants with CF was performed at median age
(interquartile range, IQR) of 21.9 (14–45)weeks and at 9.7
(6.9–10.3)years at follow-up. Median (IQR, range) LCI at time
of clinical CF diagnosis was 8.8 (7.2–10.5; 6.4–12) and at
follow-up 7.2 (6.1–8.9; 5.9–10.4). LCI values of controls were
6.6 (6.3–7.1; 5.5–8.6) in 201 healthy infants and 5.5 (4.6–6.4,
4.2–6.8) in 39 healthy school-children, respectively. Elevated
LCI was defined as LCI higher than two z-scores and was
present in seven out of eleven infants with CF at time of clinical
diagnosis (Figs. 1 and 2). Higher values were observed in
infants who were older at time of diagnosis (Fig. 3). Tracking of
LCI to follow-up was evident in the four most severe cases,
while a more heterogeneous long-time course of LCI was
observed in the seven other children. Three out of those showed
an improvement of the LCI, whereas the LCI deteriorated in the
other four children. One child (B) showed a severe deterioration
of the LCI (Fig. 1) reflecting the clinical course of this child
(Table 1).
4. Discussion
This is the first study assessing the long-term course of LCI
in a small group of infants with CF. Preliminary data of normal














5.5 0.49 Twice 2 Deterioration
6.9 −0.85 Intermittent 3 Severe deterioration
0.1 −3.04 Intermittent 2 Improvement
0.8 −1.09 Twice 0 Deterioration
0.1 −1.48 Once 1 Consistently abnormal
8.2 −0.21 Never 0 Improvement
0.3 −4.16 Intermittent 4 Consistently abnormal
6.0 −0.07 Intermittent 2 Deterioration
9.3 0.92 Once 0 Improvement
9.7 −1.04 Intermittent 2 Consistently abnormal
2.3 −2.26 Intermittent 5 Consistently abnormal
l-age MBW.
Fig. 1. Lung clearance index (LCI) as z-scores of eleven children at time of
clinical CF diagnosis and at follow-up during school-age. Data are given as
equipment-specific z-scores based on age-matched healthy controls. The dashed
line represents the upper limit of normality.
Fig. 3. Lung clearance index (LCI) of eleven infants at the time of clinical
diagnosis. The dashed line represents the upper limit of normality.
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results indicate that elevated LCI as marker of early CF lung
disease can be detected already during infancy with non-
invasive MBW measurements during natural sleep without
sedation — which is important for practicability, more wide
spread use and availability of reference values from healthy
controls. LCI in our population was normal in infants with early
diagnosis. LCI tended to increase in those with later clinical
diagnosis, even though infants in our study had no respiratory
symptoms immediately prior to or during MBW test occasions.
This is in line with lung function data obtained in sedated
infants with CF using both raised volume rapid thoracic
compression (RVRTC) technique [17,18] and MBW [10,19].
All those findings suggest that structural changes in small
airways start shortly after birth, accumulate over time andFig. 2. Cross-plot of lung clearance index (LCI) z-scores obtained at infancy
(horizontal axis) and school-age (vertical axis) in children with CF. The dashed
lines represent the upper limits of normality.subsequently reach a certain functional threshold quantifiable
using MBW.
Given the retrospective study design and the small number of
children, our data can only generate a hypothesis and should be
confirmed in larger and prospective cohort studies. However
these preliminary results suggest that there might be tracking of
LCI from infancy to school-age. Recently Aurora et al. studied
48 children with CF from preschool to school-age [11]. Their
results indicated tracking in 25 children and fluctuation of LCI
in 23 children with predominantly abnormal LCI already at
preschool-age. In our study LCI tracking was present in four out
of eleven children and also seemed to be more pronounced in
those infants with abnormal LCI at the time of clinical CF
diagnosis. The inhomogeneous age distribution due to variable
timing of CF diagnosis in our study may constrain generaliz-
ability for infants with CF diagnosed earlier by NBS. On the
other hand, the age distribution in our study represents the wide
range of time of clinical diagnosis and the natural course of CF
lung disease during infancy.
We used different tracer gasses for MBW at baseline and
follow-up visits. SF6 is considerably less suitable for MBW
in older children due to the need for higher SF6 amounts
during MBW measurements and thus higher workplace
exposure and increased greenhouse gas effects. Nitrogen
MBW requires washout procedures only and is more economic
compared to SF6, however pure oxygen is not suited for MBW
in infants due to the induction of atelectasis and possible
changes in breathing pattern [20,21]. In addition to those
differences in tracer gasses [22], the differences in position
(sitting or supine) [23], sleep or awake state [23], and different
ratios of tidal volume over system dead space [24] make
comparison of absolute LCI values between infancy and school-
age in our study impossible. Consequently we used equipment-
and method-specific z-scores derived from age-matched healthy
controls to account for this.
In most of the countries in which regular infant lung func-
tion measurements have been performed, NBS for CF was
introduced recently [2,19]. Thus we believe that these
490 E. Kieninger et al. / Journal of Cystic Fibrosis 10 (2011) 487–490longitudinal LCI data are unique, as studying the natural course
of LCI in infancy after clinical diagnosis of CF only will not be
possible in the future anymore.
In conclusion, MBW during natural sleep is feasible in
infants with CF. The non-invasive method and the possibility
to perform measurements without sedation make MBW an
attractive lung function test possibly identifying those infants
with the strongest need for intensified investigations and more
aggressive treatment. Taken together, our findings support
the ability of MBW to detect and monitor early CF lung disease
in children.
5. Author's contribution
EK and FS contributed equally. Conception and design of
the study: EK, FS, UF, NR, CC, PL. Acquisition of the data:
EK, FS, OF, CA, PL. Analysis and interpretation of the data: EK,
FS, OF, CC, PL. Drafting and revising: EK, FS, OF, CA, UF,
NR, CC, PL. Important intellectual content: EK, FS, OF, UF,
NR, CC, PL. Final approval: all authors.
6. Conflict of interest
The authors have no conflict of interest to report.
7. Funding
Supported by the Swiss Confederation's Innovation Promo-
tion Agency (CTI) grant no. 11661.1 PFLS-LS and the
“Fondazione Ettore e Valeria Rossi”.
Acknowledgments
The authors would like to thank all children and their
families for their participation in the study. We would like to
thank Prof. Dr. Martin Schöni for his scientific and personal
support.
References
[1] Ranganathan SC, Parsons F, Gangell C, Brennan S, Stick SM, Sly PD.
Evolution of pulmonary inflammation and nutritional status in infants and
young children with cystic fibrosis. Thorax May 2011;66(5):408–13
[Epub 2011 Mar 12].
[2] Sly PD, Brennan S, Gangell C, de Klerk N, Murray C, Mott L, et al. Lung
disease at diagnosis in infants with cystic fibrosis detected by newborn
screening. Am J Respir Crit Care Med Jul 15 2009;180(2):146–52.
[3] Latzin P, Thamrin C, Kraemer R. Ventilation inhomogeneities assessed by
the multibreath washout (MBW) technique. Thorax Feb 2008;63(2):98–9.
[4] Ellemunter H, Fuchs SI, Unsinn KM, Freund MC, Waltner-Romen M,
Steinkamp G, et al. Sensitivity of lung clearance index and chest computed
tomography in early CF lung disease. Respir Med Dec 2010;104(12):
1834–42.
[5] Gustafsson PM, De Jong PA, Tiddens HA, Lindblad A. Multiple-breath
inert gas washout and spirometry versus structural lung disease in cystic
fibrosis. Thorax Feb 2008;63(2):129–34.[6] Owens CM, Aurora P, Stanojevic S, Bush A, Wade A, Oliver C, et al.
Lung clearance index and HRCT are complementary markers of lung
abnormalities in young children with CF. Thorax Jun 2011;66(6):481–8
[Epub 2011 Mar 21].
[7] Amin R, Subbarao P, Jabar A, Balkovec S, Jensen R, Kerrigan S, et al.
Hypertonic saline improves the LCI in paediatric patients with CF with
normal lung function. Thorax May 2010;65(5):379–83.
[8] Amin R, Subbarao P, Lou W, Jabar A, Balkovec S, Jensen R, et al. The
effect of dornase alfa on ventilation inhomogeneity in patients with cystic
fibrosis. Eur Respir J Apr 2011;37(4):806–12.
[9] Aurora P. Multiple-breath inert gas washout test and early cystic fibrosis
lung disease. Thorax May 2010;65(5):373–4.
[10] Lum S, Gustafsson P, Ljungberg H, Hulskamp G, Bush A, Carr SB, et al.
Early detection of cystic fibrosis lung disease: multiple-breath washout
versus raised volume tests. Thorax Apr 2007;62(4):341–7.
[11] Aurora P, Stanojevic S, Wade A, Oliver C, Kozlowska W, Lum S, et al.
Lung clearance index at 4 years predicts subsequent lung function in
children with cystic fibrosis. Am J Respir Crit Care Med Mar 15 2011;183
(6):752–8.
[12] Hall G, Nolan G, Logie K, Schulzke S, Murray C, Stick SM, et al.
Ventilation distribution is not influenced by structural lung disease in
infants with cystic fibrosis (CF) diagnosed following newborn screening
(NBS). Eur Respir J 2009;34(53) S268; A1621.
[13] Fuchs O, Latzin P, Thamrin C, Stern G, Frischknecht P, Singer F, et al.
Normative data for lung function and exhaled nitric oxide in unsedated
healthy infants. Eur Respir J May 2011;37(5):1208–16.
[14] Frey U, Stocks J, Coates A, Sly P, Bates J. Specifications for equipment
used for infant pulmonary function testing. ERS/ATS Task Force on
Standards for Infant Respiratory Function Testing. European Respiratory
Society/American Thoracic Society. Eur Respir J Oct 2000;16(4):731–40.
[15] Latzin P, Sauteur L, Thamrin C, Schibler A, Baldwin D, Hutten GJ, et al.
Optimized temperature and deadspace correction improve analysis of
multiple breath washout measurements by ultrasonic flowmeter in infants.
Pediatr Pulmonol Oct 2007;42(10):888–97.
[16] Singer F, Stern G, Thamrin C, Fuchs O, Frey U, Latzin P. Single breath
washout of double tracer gas in children with and without cystic fibrosis.
Eur Respir J 2010;36(54) S1015; A5563.
[17] Linnane BM, Hall GL, Nolan G, Brennan S, Stick SM, Sly PD, et al. Lung
function in infants with cystic fibrosis diagnosed by newborn screening.
Am J Respir Crit Care Med Dec 15 2008;178(12):1238–44.
[18] Pillarisetti N, Williamson E, Linnane B, Skoric B, Robertson CF,
Robinson P, et al. Infection, inflammation and lung function decline in
infants with cystic fibrosis. Am J Respir Crit Care Med Jul 1 2011;184(1):
75–81 [Epub 2011 Apr 14].
[19] Thia L., Stocks J., Hoo A., Chudleigh J., Prasad A., Lum S., et al., 2010.
Early detection of lung disease in infants with cystic fibrosis diagnosed by
newborn screening (NBS). Pediatr Pulmonol 45(S33):A473 (390).
[20] Burger Jr EJ, Macklem P. Airway closure: demonstration by breathing 100
percent O2 at low lung volumes and by N2 washout. J Appl Physiol Aug
1968;25(2):139–48.
[21] van der Walt J. Oxygen — elixir of life or Trojan horse? Part 2: oxygen
and neonatal anesthesia. Paediatr Anaesth Dec 2006;16(12):1205–12.
[22] Crawford AB, Makowska M, Paiva M, Engel LA. Convection- and
diffusion-dependent ventilation maldistribution in normal subjects. J Appl
Physiol Sep 1985;59(3):838–46.
[23] Aljassim F, Gustafsson P. Effects of body posture on FRC. LCI and
breathing pattern in CF children. CIPP 2008;F7:275.
[24] Schulzke S, Hall G, Latzin P, Thamrin C, Pillow JJ. Effect of airway
deadspace calculation method on lung clearance index in preterm infants.
Eur Respir J 2010;36(54) S704; E3932.
[25] Stanojevic S, Wade A, Stocks J, Hankinson J, Coates AL, Pan H, et al.
Reference ranges for spirometry across all ages: a new approach. Am J
Respir Crit Care Med Feb 1 2008;177(3):253–60.
